Abstract. In this work, transmissive spectral characteristics of fiber Bragg gratings ͑FBGs͒ are applied to construct a circulator-free scheme of an optical code-division multiple-access ͑OCDMA͒ network coder/ decoder ͑codec͒. The unnecessary spectra would accompany the coding chips to arrive at the photodetectors ͑PDs͒ to induce higher phaseinduced intensity noise ͑PIIN͒ and multiple-access interference ͑MAI͒. A residual-spectra eliminator ͑RSE͒ between OCDMA encoder and decoder modules is employed to remove the unnecessary spectral parts of data so that the PIIN and MAI can be reduced. A simple experiment performed on the basis of transmissive spectral characteristics of FBGs together with RSE is demonstrated to verify the capability of suppressing residual-spectra noise at the PDs. Performance evaluations indicate that using RSE between network codecs can remarkably lower the PIIN effects in the receiver PDs.
Introduction
Fiber Bragg gratings ͑FBGs͒ 1,2 have applications in optical code-division multiple-access ͑OCDMA͒ networks such as spectral-amplitude coding ͑SAC͒-OCDMA 3, 4 and frequency-hopping OCDMA. [5] [6] [7] SAC-OCDMA exploits complementary spectral relations of FBG arrays and differential detection to achieve cancellation of multiple-access interference ͑MAI͒. Most SAC-OCDMA systems [8] [9] [10] [11] [12] transform logic "1" data to a multiwavelengths group that matches the signature address code. A prerequisite of SAC-OCDMA detection is that the multiwavelengths for each coded data bit must reach the differential photodetectors ͑PDs͒ synchronously to process the logic data.
The round-trip time effect of reflective-mode FBGs hinders simultaneous arrival of the multiwavelengths at the detectors. When a broadband pulse is being input to a quasi-orthogonally coded optical encoder/decoder ͑codec͒, the spectral components corresponding to the Bragg wavelengths of the FBG coders are reflected back and cause round-trip time delay; whereas, the remaining spectral components are transmitted straight through the FBG array without round-trip delay. By using only transmissive spectral data, Magel et al. 13 accomplished SAC-OCDMA detection without expensive optical circulators and additional FBGs. Moreover, the transmissive spectral scheme would avoid round-trip delay problems and hence improve system accuracy.
However, the residually transmissive spectra also arrive in the PDs to induce extra phase-induced intensity noise ͑PIIN͒ 3, 14 and to interfere the decision power. The PIIN is proportional to the squared value of the detected photocurrent in the PD. The receiver would not be able to amplify the optical power to reduce the PIIN effect. When the received optical power is large enough, the PIIN would dominate the system performance. Moreover, if the correlation value between the code address and its complement is not balanced, such as a modified quadratic congruence code ͑MQC͒, 3 the residually transmissive spectra will not be fully eliminated by balanced PDs, so that multiple-access interference ͑MAI͒ will be induced.
In this work, a residual-spectra eliminator ͑RSE͒ is placed between the OCDMA network encoder and decoder modules to suppress the annoying PIIN and to reduce MAI in the receiver. The modulated light passing the circulatorfree FBG encoder produces a coding pattern with unnecessary residual spectra. These transmissive signals from each encoder are then coupled through an N ϫ 1 coupler into the RSE to extract that of the only necessary coding pattern. Using the RSE, the unnecessary transmissive spectra will be removed before signals traveling into the receiver, so that no additional power is accumulated in the PDs to induce extra PIIN and cause excess MAI in the receiver. As is seen in the work, the added RSE in the OCDMA network effectively improves the system performance.
The remainder of this work is organized as follows. In Sec. 2, the theoretical basis of the transmissive spectral coding with fiber grating arrays is described. In Sec. 3, a simple circulator-free FBGs network codec is performed experimentally to verify the residual-spectral noise reductions in the proposed OCDMA system. Performance evaluations on the PIIN suppressions are then discussed in Sec. 4. Finally, Sec. 5 gives concluding remarks.
2 Circulator-Free Fiber-Bragg-Grating-based Optical Code-Division Multiple Access System The proposed OCDMA network is based on the spectral coding of incoherent lightwave signals on pseudoorthogonal coded FBGs. By "pseudo-orthogonal coded FBGs," we mean a series of FBGs having the generated spectral chip patterns corresponding to that of the nearly orthogonal CDMA codes. As shown in Fig. 1 , the network system is constructed through the N transceiver pairs that are connected in an N ϫ 1 coupler to share the same optical fiber medium. RSE is adopted to extract the desired coding signals from the cumulative spectra of the transmissive coders. The coding signals will spread to each receiver through a 1 ϫ N coupler. As long as the address code of the intended receivers matches that of the transmitter, it can decode out correct data information. Figure 2 shows the FBG-based incoherent broadband OCDMA network codec. At the transmitter end, Fig. 2͑a͒ , the encoder consists of an incoherent broadband optical source, an electrical/optical modulator ͑EOM͒, and an array of multiple FBGs. The incoherent optical source is modulated by data bit stream in on-off keying fashion. At the receiver end, Fig. 2͑b͒ , the decoder is comprised of a power splitter, a matched pair of FBGs, an attenuator, balanced PDs, and an information decision device.
The OCDMA spectral signature address is determined by selection of the FBG grating frequencies contained in the multiple FBGs. As shown in Fig. 2͑a͒ , a series of FBGs corresponding to the complement ͑X k ͒ of the assigned signature code for the k'th user is placed in the transmitting encoder to produce the coding pattern at the encoder output. At the receiving decoder, a matched pair of FBGs corresponding to those in the transmitting encoder is placed for differential correlating detection, as shown in Fig. 2͑b͒ . This is discussed in more detail later.
With a properly written OCDMA coding pattern, broadband light after passing through the multiple FBGs is spectrally encoded as an address code denoted by the code vector
Here, N is the sequence length of the address code ͑or the number of chips per bit͒; x k,n ͕0,1͖ for 0 Յ n Յ N − 1 is the n'th chip value of the k'th user's spectral code; ⌳ c is the pulse width; and P n ͑͒ is the fundamental pulse of each chip in the spectral domain.
The optical spectrum L k ͑͒ for the k'th user input into the corresponding FBG encoder can be taken apart into the following three components, illustrated here with erbiumamplified spontaneous emission ͑Er-ASE͒ spectrum shown in Fig. 3 : Huang, Tsai, and Huang: Suppression of phase noises¼ 1. X k ͑͒, to represent the k'th user's spectral coding vector corresponding to those of sequence element x k,n =1 2. X k ͑͒, to represent the k'th complementary coding vector corresponding to those of sequence element x k,n =0 3. r k ͑͒, to represent the residual-spectral area after removing X k ͑͒ and X k ͑͒ chips from the incoming signal spectrum L k ͑͒.
When there are K active users in the OCDMA network, pairs of passive N ϫ 1 and 1 ϫ N couplers are used to connect the network users in the system. The transmissive signals after the N ϫ 1 coupler can be represented as
Here, b i ͕0,1͖, for i =1,2, ... ,K, and b i is the i'th user's information bit. Let
represent the summed coding chips, then the total transmissive spectra can be represented by
Since the residual spectra ͚ i=1 K b i r i ͑͒ would induce extra PIIN and MAI to degrade the system performance, the proposal employs a RSE to remove the power spectrum
The RSE functions to pass only those coding chips in the network and to exclude all other wavelengths. We employ a multiwavelength filter to realize the RSE. Inputting the total transmissive spectra T͑͒ to RSE, the summed coded signal S͑͒ will be extracted and broadcast to each receiver.
The receiver applies a correlating decoder to the incoming signal to extract the desired bit stream. The correlation signals are then obtained by the function ͑1−X k ͒ and ͑1 − X k ͒ that actually operate the function X k and X k for the output port, respectively. The correlator-decoder output of the k'th user with the RSE scheme in the upper and lower branch then are represented as
and
where W 1 is the bandwidth corresponding to the spectral code length, and R X k S and R X k S are the correlation of X k and X k with S, respectively. If the RSE is not used in the system, the total transmissive spectra T͑͒ will be sent into all receivers. Then, the correlator-decoder outputs of the k'th user in the upper and lower branch are
and 
where W 2 is the ͚ i=1 K b i r i ͑͒ bandwidth. From Eqs. ͑1͒ through ͑4͒, either with or without RSE will execute the correlation subtraction to result in R X k S − R X k S , recovering the bit signal by the balanced PDs under the code address and its complementary with balanced correlation property ͑where ␣ = 1, such as Hadamard codes͒. However, if the correlation ratio is ͑1/␣͒ ͑where ␣ 1, such as MQC codes 3 ͒ between the code address and its complementary, an attenuator will be installed in the decoder to cancel the MAI. Since the residual spectra arrive at the decoder in a RSE-free scheme as well, by the attenuator the power will not be equal in the address code unmatched case, so MAI is induced. In contrast, the RSE scheme removes the unnecessary spectra before coding chips arrive at the receiver, so the decoder can still eliminate the MAI to recover the bit stream through the attenuator and balanced PDs.
Experiments on Circulator-Free Fiber-Bragg
Grating Codecs With reference to Fig. 2͑b͒ , a successful FBG codec scheme executes correlation subtraction R X k S ͑͒ − ͑1/␣͒R X k S ͑͒ in the receiver. In the proposed system, we applied an N ϫ N Hadamard matrix H to generate the address code. Each row of H can be assigned to an address code except the first all "1" row.
Let us denote by h k the k'th row of H. Correlations of Hadamard matrix rows will correspond to the output at the upper and the lower branches of the correlation decoder in Fig. 2͑b͒ . These correlations can be represented as 
where k , l ͕2,3, ... ,N͖.
If the signature code is matched to the decoder, the signal output on the decoder will be
For the case of unmatched signature code, according to Eq. ͑5͒, the signal output on the balanced PDs will give a null power
That is, multiple-access interference ͑MAI͒ can be completely eliminated with the depicted correlation decoding scheme.
To test this function for the proposed concept, a prototype is constructed from conventional components. Address code vectors in the OCDMA network are chosen from a 4 ϫ 4 Hadamard matrix containing rows ͑1, 0, 1, 0͒, ͑1, 1, 0, 0͒, and ͑1, 0, 0, 1͒. There are two active encoders and decoders in this demonstration. User 1 is assigned the signature code ͑1, 0, 1, 0͒, specified as FBGs with wavelengths 2 and 4 in encoder 1. Similarly, user 2 is assigned the signature code ͑1, 1, 0, 0͒, specified as FBGs with wavelengths 3 and 4 in encoder 2. The last signature code ͑1, 0, 0, 1͒ is assigned to the nonactive user 3. Being inactive, no encoder is constructed in the experiment.
After the FBG encoders, all coded chips are combined in the 2 ϫ 2 coupler and pass to the RSE to extract the coding chips. The summed coding chips broadcast to each receiver. Since users 1 and 2 are active, the summed coding signals in the 2 ϫ 2 coupler gives the vector ͑2 1 , 1 2 , 1 3 , 0 4 ͒. The decoder contains a matched pair of multiple FBGs, the upper branch specifying the complementary coding chips X k ͑͒, and the lower branch specifying the coding chips X k ͑͒. Hence, in decoder 1, the upper multiple FBGs specify wavelengths 2 and 4 , while the lower multiple FBGs specify wavelengths 1 and 3 . Similarly, decoder 2 specifies the wavelengths 3 and 4 for the upper FBGs and the wavelengths 1 and 2 for the lower FBGs.
In the experimental setup shown in Fig. 4 , light for encoders 1 and 2 are supplied by HP-83438 erbium ASE sources. Magel et al. 13 have demonstrated the concept of circulator-free FBG codecs in 155-and 622-Mbit/ s data rate, but without concern for suppression of residualspectra noise. In our proposal, simple experiments with 700-and 800-MHz data rates are taken into respective EOM to verify the residual-spectra noise reductions. After EOM, the optical data are sent into the multiple-FBG encoder. The selected spectral chip wavelengths are 1 = 1548.5 nm ͑ITU-channel 29͒, 2 = 1550.1 nm ͑ITU-channel 31͒, 3 = 1550.9 nm ͑ITU-channel 32͒, and 4 = 1552.5 nm ͑ITU-channel 34͒. All FBGs used in this study are conventional commercial devices of approximately 2 cm length with reflectivity of approximately 99.9%.
Since users 1 and 2 are active, the power spectra at encoders 1 and 2 are as shown in Fig. 5 . When the transmitted information bit is 1, the output spectra of coders 1 and 2 are respectively X 1 ͑͒ + r 1 ͑͒ and X 2 ͑͒ + r 2 ͑͒, where X 1 ͑͒ = ͑ 1 ,0, 3 ,0͒ and X 2 ͑͒ = ͑ 1 , 2 ,0,0͒, as shown in Figs. 5͑a͒ and 5͑b͒ . After the encoding process, all coded chips are combined in the 2 ϫ 2 coupler, and the power spectra vector ͓X 1 ͑͒ + X 2 ͑͒ + r 1 ͑͒ + r 2 ͔͑͒ is as shown in Fig. 6͑a͒ . In the demonstration, a 4 ϫ 4 star coupler and four FBGs of wavelengths 1 , 2 , 3 , and 4 are employed to realize the RSE to remove the residual spectral vector r 1 ͑͒ + r 2 ͑͒. The four FBGs connected to the 4 ϫ 4 star coupler are structured with a parallel arrangement ͑see Fig. 4͒ to avoid round-trip delay. The transmissive signal T͑͒ = r 1 ͑͒ + r 2 ͑͒ + X 1 ͑͒ + X 2 ͑͒ ͓see Fig. 6͑a͔͒ is input to each FBG ͑of the RSE͒ through the star coupler. The reflective wavelengths 1 , 2 , 3 , 4 are recombined in the 4 ϫ 4 star coupler to obtain S͑͒ = X 1 ͑͒ + X 2 ͑͒. Thus, the RSE furnishes to filter the desired coding chips and to exclude those unnecessary residual spectra. Figure 6͑b͒ shows the summed coding vector S͑͒, ͓i.e., X 1 ͑͒ + X 2 ͔͑͒ measured at the output of the star coupler.
The summed signal S͑͒ goes to a 2 ϫ 2 coupler into each decoder. Each branch process of the decoder is similar to the encoder. Two complementary branches in the receiver decoder are input to the balanced PDs to implement correlation subtraction R X k S ͑͒ − R X k S ͑͒. Figure 7 shows eye diagrams, without and with RSE, of the decoded signals at decoder 1, while Fig. 8 gives corresponding eye diagrams for data signals at decoder 2. When RSE is not installed, the residual spectra are transmitted to the decoder. Although the unnecessary residual spectra can theoretically be cancelled by Hadamard-coded balanced PDs, the residual spectra will induce higher PIIN effect to degrade the system performance. It is clear that data signals without RSE will undergo more noises than those with RSE, as can be seen in Figs. 7 and 8.
Performance Evaluation
In the proposal, SAC-OCDMA applied balanced detection to eliminate the MAI to recover the original bit stream. However, as broadband thermal sources ͑BTS͒ are used in such a system, noise of the receiver is considered as totally the PIIN, shot, and thermal noises in both PDs. The PIIN, due to the intensity fluctuation of BTS, severely affects the system performance.
14 The effect of PIIN is proportional to the square of photocurrent, and the system performance cannot be improved by simply increasing the received optical power. The variance of PD current for PIIN can be expressed as
In Eq. ͑6͒, I is the average photocurrent, B is the noiseequivalent electrical bandwidth of the receiver, and c is coherence time of sources, which can be represented as 
where G͑v͒ is the signal sideband power spectral density ͑PSD͒ in the PD. The PIIN in the coding area for the Hadmard-coded SAC scheme has been derived by 14 :
where the responsivity R = ͑e͒ / ͑hv 0 ͒ of the PDs is related with the quantum efficiency . The bandwidth ⌬v is N times a single chip bandwidth, P sr is the power within bandwidth ⌬v, and K is the number of active users. If RSE is not installed, the PIIN due to the residual spectra 13 will be
where ⌬w is the bandwidth of the residual-spectral components. If we assume that the probability of sending data bit 1 at any time for each user is 1/2, the signal-to-noise ratio ͑SNR͒ can be defined as SNR = 2͓RP sr /2͔ 2 /͑͗i PIIN 2 ͘ coding-area + ͗i PIIN 2 ͘ residual spectra ͒. Table 1 shows the system parameters to calculate the performance. Applying the Gaussian approximation to evaluate the bit error rate ͑BER͒, then BER = ͑1/2͒erfc͑ ͱ SNR/8͒.
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For the circulator-free FBG codecs without RSE network, the residual spectra would be accumulated in the PDs to induce extra PIIN effect. Figure 9 shows that BER relates with the bandwidth of residual spectra for the number Fig. 7 The eye diagrams for data signal at decoder 1 ͑a͒ without RSE and ͑b͒ with RSE. Fig. 8 The eye diagrams for data signal at decoder 2 ͑a͒ without RSE and ͑b͒ with RSE.
Huang, Tsai, and Huang: Suppression of phase noises¼ of active users being 15, 20, and 25. In general, only the full-width at half-maximum ͑FWHM͒ of light source is sliced through the FBG encoder. Moreover, a guard band would exist between adjacent chips to avoid crosstalk effect. There will be a wider residual-spectral bandwidth in the RSE-free scheme. Under BER =10 −9 , fewer active users can sustain the wider residual-spectral noise; whereas the slight residual-spectral bandwidth will seriously degrade the system performance for more active users on-line.
Theoretically, the Hadamard-coded SAC scheme performs as well as the residual spectra of ⌬w = 0 THz. That is, PIIN effects only the term ͗i PIIN 2 ͘ coding-area . In the work, residual spectra can be removed by the RSE, so that the BER performance can approach the theoretical result. Figure 10 shows that the BER with three bandwidths relates to the number of active users. Although the balanced PDs can eliminate the power of residual spectra, only 17 and 14 active users can be simultaneously supported under BER =10 −9 when the bandwidth of residual spectra is 0.5 and 1 THz, respectively. If the RSE is employed between transmitters and receivers, the most residual spectra will be removed to reduce unnecessary power in the PDs, so that 25 active users can be supported in the system. It implies that the RSE can effectively reduce PIIN effect in the system.
Conclusions
A method for spectral-amplitude coding ͑SAC͒ in a fiber Bragg grating ͑FBG͒-based optical code-division multipleaccess ͑OCDMA͒ network is presented. By multiple-access coding techniques, correlation subtractions of Hadamard codes is applied. Since only transmissive spectral data are used, each chip passes the same number of FBGs and each chip experiences the same delay, increasing accuracy and simplifying design relative to previous methodology. However, the residually transmissive spectra also arrive in the PDs to induce extra phase-induced intensity noise ͑PIIN͒ and to interfere the decision power. Therefore, a residualspectra eliminator ͑RSE͒ between the encoder and decoder modules is employed to suppress PIIN in photodetectors ͑PDs͒. Experiments using both matched correlations are performed on a prototype of the proposed device. Experimental results demonstrate successful noise suppression, verifying that the proposed OCDMA codec scheme is practicable. The simulation results show that the PIIN effect is efficiently improved in the receiver when applying RSE.
